To be presented, with the permission of the Faculty of Agriculture and Forestry of the University of Helsinki, for public criticism in lecture room B2, B-building (Viikki Campus, Latokartanonkaari 7, Helsinki) on May 8 th 2015, at 12 o'clock noon. Drainage to increase timber production has drastically decreased the area of undrained spruce swamp forests in northern Europe. In restoration by rewetting, drainage ditches are blocked to restore the original hydrology and, ultimately, the structure, function and ecosystem services of undrained boreal spruce swamp forests. This study quantifies the restoration success of rewetting regarding plant community composition, moss community carbon assimilation potential, Sphagnum biomass production and surface peat biogeochemistry, and aims to determine the main controls of success. The study sites comprised 18 rewetted, nine undrained and nine drained spruce swamp forests in southern Finland, complemented by sites in the Šumava Mountains, Czech Republic. Drainage had taken place decades prior; the rewetted sites varied in their rewetting age from 1 to 15 years. The results show that rewetting has to raise the water table above a threshold to initiate any changes in the drained ecosystem. If the threshold is crossed, the changes that occur will be rapid. Two strands of development emerged throughout the different components of the ecosystem: development towards the undrained reference state and development towards a new direction, different from both the undrained and the drained state. Rewetting created favourable conditions for Sphagnum photosynthesis. Sphagnum mosses recovered in cover and biomass production rapidly. The new growth started the accumulation of the porous surface organic matter layer characteristic of mires, which increased microbial decomposition activity in the surface organic layer towards undrained levels. Meanwhile, rewetting applied on the compacted, physicochemically altered peat created wet, unstable hydrological conditions, which increased the cover of opportunistic plant species in the understory and caused high NH4 mobilization and CH4 production in the surface organic layer. Demanding spruce swamp forest species were lacking at the rewetted sites, but rewetting was successful in restoring the common species and directing the ecosystem towards mire-like functioning.
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INTRODUCTION
Human land use has reshaped the landscape of the earth: ca. 80% of the terrestrial biologically productive land has been altered for human use (Hannah et al. 1994 , Sanderson et al. 2002 , which has resulted in a massive loss of biodiversity and ecosystem services (Millennium Ecosystem Assessment 2005) . In international policymaking, restoration of degraded ecosystems is perceived as one of the prime means to combat the losses (Convention on Biological Diversity 2010). Peatlands are a priority for action because of their special value as carbon storage and natural water filters (Joosten et al. 2012 ). In the second commitment period of the Kyoto Protocol (2013-2020) countries can voluntarily elect to include carbon emissions and removals from peatland rewetting in their carbon accounting (Blain et al. 2014) . As a consequence of the international policy and changing attitudes within societies, restoration of peatlands is on the rise.
In northern Europe, drainage by ditching to increase timber production is a major cause of peatland degradation (Joosten and Clarke 2002) . Although vegetation and surface peat layer are not directly removed or manipulated, drainage alters the peatland ecosystem in such fundamental ways that many ecosystem services provided by pristine mires are lost. After water-level drawdown, Sphagnum mosses recede to drainage ditches and moist patches (Laine et al. 1995) . The microclimate of the site is altered: enhanced tree growth increases shading, while lower water table position decreases air humidity. Input waters are channeled to the ditches, which changes the hydrological regime of the catchment and may lead to leaching of nutrients and organic matter, (Sallantaus 1992 , Dinsmore 2011 . This decreases the availability of nutrients for microbes and plants at the site, but contributes to potentially harmful effects in receiving water bodies.
Peat subsidence and compaction take place, at first through physical collapse and compression and later through advancing decomposition, which is likely to affect peat hydrological (Weiss et al. 1998 ) and microbial properties. Drainage increases the depth of the aerobic surface layer, which favors decomposition (Jaatinen et al. 2008) . In nutrientrich boreal peatlands, such as spruce swamp forests, decomposing drained peat can be a substantial source of carbon into the atmosphere (Ojanen et al. 2013 ).
Due to their large timber production potential, spruce swamp forests are among the peatland types most commonly altered by drainage (Päivänen and Hånell 2012) . In Finland, the area of undrained spruce swamp forests in south-and mid-boreal vegetation zones has declined by 73% since 1950s, from 1 200 000 to 300 000 hectares (Kaakinen et al. 2008) , and they are consequently classified as threatened habitats (Kaakinen et al. 2008 (Kaakinen et al. , 2012 . Undrained spruce swamp forests sustain high biodiversity (Hörnberg et al. 1998) , store carbon, and filter catchment waters before they enter the watercourses (Nieminen et al. 2005b ). Due to degradation by drainage, these services are lost.
Restoration of spruce swamp forests by rewetting began in Finland in the 1990s with the aim of improving habitat quality in national parks and other conservation areas (Aapala and Tukia 2008) . At present, spruce swamp forests are also restored in protected areas on private land and in commercial forests (Government of Finland 2008) . Concurrently, spruce swamp forests have been experimentally rewetted to be used as buffer zones for runoff waters from areas of intensive forestry to reduce concentrations of organic matter, nitrogen and phosphorus (Nieminen et al. 2005ab, Väänänen et al. 2008 , Vikman et al. 2010 .
While high expectations are set for restoration of peatlands, we still need research on to what extent it is possible to restore the ecosystem services lost as a result of drainage. The different components of the ecosystem structure and function produce the ecosystem services that deliver the desired benefits (Fig. 4 in de Groot et al. 2010) . The underlying principle of ecological restoration is that by changing the main environmental drivers, structure and function change back to a pristine-like state (Dobson et al. 1997) . However, different components of ecosystem structure and function may recover at different pace, or some may show no notable recovery at all. For instance, recovery of the key soil processes might be slower than that of the vegetation (Andersen et al. 2006) and take more than a century (Moreno-Mateos et al. 2012) . Or, on the contrary, key functions, such as carbon dioxide (CO2) sink function, may recover faster than vegetation structure (Tuittila 2000) . Quantification of the restoration success of different ecosystem components is important for assessing the effectiveness of restoration measures in fulfilling the policy targets.
Benefits desired from spruce swamp forest restoration can be classified into three groups: aesthetic benefits, biodiversity benefits, and functional benefits. Ecological restoration aims to benefits similar to those provided by pristine ecosystems rather than maximal benefits (SERI 2004) .
Aesthetic benefits concern the human experience of our landscape surroundings (Gobster et al. 2007 ). In conservation areas, an important restoration target is, for intrinsic and recreational values, to restore the perceived landscape and site naturalness: a pristinelike landscape structure and the feel of a spruce swamp forest. These depend on the basic structure of the ecosystem: in spruce swamp forests on the formation of a Sphagnum carpet, created by Sphagnum colonization and height growth that build the characteristic soft moss surface, and on pristine-like water table position and uneven tree stand structure.
Biodiversity is one of the main motivations for ecological restoration (Bullock et al. 2011) . Biodiversity refers to site-level species occurrence and abundance structure, or to landscape-level biodiversity to which the restored site is expected to contribute. The concept of boreal spruce swamp forests encompasses a wide spectrum of biotopes that vary in their structural and biodiversity properties (Kaakinen et al. 2012 , Kutenkov 2012 . Undrained spruce swamp forests, especially those that exhibit high diversity of different surfaces relative to water table, sustain high site biodiversity (Hörnberg et al. 1998 (Hörnberg et al. , Økland et al. 2008 ). In the landscape scale, pristine spruce swamp forests with abundant dead wood provide habitats for specialized old-growth forest species that have become threatened in intensively managed forest landscapes (Ohlson et al. 1997 , Syrjänen et al. 2010 . Thus spruce swamp forest rewetting, in order to promote biodiversity, should create new wet microhabitats and dead-wood microhabitats.
Functional benefits from spruce swamp forests comprise carbon sequestration and storage and water filtration functions. Accumulation of new Sphagnum biomass could be expected to contribute to carbon sequestration, but the peat accumulation process is poorly known even for undrained boreal spruce swamp forests, as it has not been a priority for research. High water table could be expected to decrease decomposition by decreasing the depth of aerobic layer. If rewetting ceases the high CO2 emissions from old peat measured in drained sites (Ojanen et al. 2013 ), significant carbon benefits are expected -but only if the decreased CO2 emissions are not counteracted by increased CH4 emissions from the blocked ditches and other new wet habitats (Cooper et al. 2014 , Koskinen et al. 2012 . Spruce swamp forests rewetted as buffer zones for runoff waters have functioned as efficient sinks for dissolved organic matter (Nieminen et al. 2005b ) and, after more than six years after rewetting, for phosphorus (Väänänen et al. 2008 ) and nitrogen (Vikman et al. 2010) . During the first (seven) years after rewetting though, rewetting of spruce swamp forest may increase leaching of phosphorus, nitrogen and total organic carbon (Nieminen et al. 2005a , Koskinen et al. 2011 . Carbon sink and water filtration functions are considered to depend on a successful water table rise, formation of a new acrotelm (the porous aerobic layer typical of pristine peatlands) from new Sphagnum growth (Lucchese et al. 2010) , and from development of pristine-like biogeochemical functioning.
The aim of this thesis is to quantify restoration success of spruce swamp forests following rewetting and to determine the main controls of the success. The work addresses the recovery of four key components of the ecosystem structure and function: I plant community composition of the understory II moss community carbon assimilation potential, III Sphagnum biomass production, and IV surface peat biogeochemistry to a pristine-like state.
The research subject comprises rewetted spruce swamp forests of varying number of years since rewetting. Restoration success is approached using undrained spruce swamp forests to represent the restoration target and drained sites to represent the starting point for restoration. Restoration is considered to be successful if, ultimately, the rewetted sites were situated within the range of variation of the undrained reference ecosystems in the region regarding the measured properties. The study on peat biogeochemistry II comprised additional rewetted, drained and undrained spruce swamp forests in the Šumava Mountains, Czech Republic.
The work is a first comprehensive study on restoration of boreal spruce swamp forest, activity that is growing in magnitude and could potentially be used for multiple ecosystem services.
MATERIAL AND METHODS

Study sites
The main set of study sites in Finland comprised 9 undrained, 9 drained and 18 rewetted spruce swamp forests in southern Finland (Fig. 1a) . The same number of undrained, drained and rewetted sites was sampled in each pre-defined sampling region (Fig. 1a) . The number of rewetted sites was higher than the number of each set of reference sites: due to the effect of time since rewetting and larger variation in environmental conditions, the rewetted sites were expected to show more variation in the measured variables than the reference sites. The sampling was designed to represent the prevailing restoration practice in southern Finland. Accordingly, also insufficiently rewetted sites were included in the sample: this enabled the estimation of the limit conditions for successful restoration.
The sites were selected to represent the same original (before drainage) site type, Vaccinium myrtillus spruce (Picea abies) mires (Laine et al. 2012 ). This spruce swamp forest type is the most common in southern Finland (Kaakinen et al. 2012 ): it does not harbor the largest number of species (Kutenkov 2012) , but of this habitat type it was possible to obtain a reasonably large, representative sample without introducing too much variation due to variable ecohydrological status. Two sites (I, Appendices A, B), where the understory vegetation was surveyed, were found to represent a more nutrient-rich site type: they were not included in study on plant community composition (I), but were used as supplementary cases in the multivariate analysis. All sites had peat depths >80 cm. Ditches were dug in the drained and rewetted sites between 1900 and 1980 (I, Appendix A). Rewetting was conducted by Metsähallitus, Natural Heritage Services unit (presently Parks and Wildlife Finland), a public agency that forms part of the state-run enterprise Metsähallitus, during the years 1995 to 2008 (I, Appendix A): the ditches were filled with peat or blocked with wooden or peat dams (Vesterinen et al. 2013) .
In III, this set of study sites was used in its entirety. In I, two outlier sites showing f e a t u r e s o f a m o r e f e r t i l e s i t e t y p e ( I , A p p e n d i c e s A a n d B ) w e r e u s e d o n l y a s supplementary variables in the ordination analysis on plant community structure and not used for the calculation of the biodiversity measures. In II, photosynthetic measurements were conducted for mosses sampled at three undrained, three drained and three rewetted sites, but moss cover data from all the 36 sites was used also. In IV, peat was sampled at three undrained, three drained and five rewetted spruce swamp forests in southern Finland, and two undrained, two drained and two rewetted spruce swamp forests in the Šumava Mountains, southwestern Czech Republic (Fig. 1c) . The sites were selected to be typical of each geographical area and similar in their estimated initial nutrient level within each area, based on their site type. Because of a more humid climate and higher atmospheric N deposition, the sites in the Šumava Mountains represented a wetter and more nutrient-rich site type than the ones in Southern 
Plant community structure (I)
At each site, in total 72 circular sample plots, 30 cm in diameter, were placed in a clustered design (Fig. 1b) . The cover of mosses, hepatics and vascular plants, and the cover of different microhabitats (ditch, ditch bank, lawn, hummock, depression, tree base, tree root, stump, log) were estimated for each plot. Sphagnum girgensohnii Russow and Sphagnum russowii Warnst were treated as one species unit, since they could not be visually identified from each other without extensive effort.
To evaluate restoration success, the similarity of the understory plant community composition of the rewetted sites to the undrained and drained communities was quantified. A redundancy analysis (RDA) was performed on the undrained and drained communities, with the undrained and drained states as predictors and sampling region (Fig. 1a) as a covariate. The RDA analysis was performed on log-transformed, centered plant species data using Canoco 5 (ter Braak and Šmilauer 2012). The rewetted communities were added to this ordination space as supplementary variables: their scores on the constrained ordination axis indicated their position on the undrained-drained gradient. The distance of the rewetted communities as a group to the drained and undrained communities was analyzed using ANOVA on site scores; the interactive effects of time since rewetting and water table position on similarity to undrained was analyzed using a linear model in R version 2.13.1 (R core team 2012).
To examine how environmental variables shape plant community composition in the studied spruce swamp forest ecosystems, a hierarchical variation partitioning analysis was performed. The aim was to detect the most influential predictor variables from many correlated variables, comprising the management categories (undrained, drained, rewetted), sampling region (three levels), water table position, spruce volume, birch volume, total tree stand volume and cover of different microhabitats. The analyses were conducted on logtransformed, centered plant species data using Canoco 5 (ter Braak and Šmilauer 2012).
Species richness, evenness and diversity of the understory plant community were calculated for each site using the measures and terminology defined by Tuomisto (2010 Tuomisto ( , 2012 . Richness S is the number of species present in an area. Evenness 1 E describes the proportional abundances of the species in the site (Tuomisto 2012) . Diversity 1 D is the product of richness and evenness: the number of equally-abundant species needed to obtain the same mean proportional species abundance as observed (Tuomisto 2010) .
1 D is equal to the exponential function of Shannon entropy. Differences in richness, evenness and diversity across the management categories were analyzed using linear models and linear mixed-effect models (package lme4, Bates et al. 2012) in R.
Moss community carbon assimilation potential (II)
For assessing changes in the carbon assimilation potential of the spruce swamp forest moss communities following drainage and rewetting, the plant cover data (I) was re-analyzed by acknowledging the marked spatial variation related to the presence of the ditch. The vegetation sample plots were classified into habitats: undrained, drained main site, ditch of drained site, rewetted main site, ditch of rewetted site. To quantify the effect of habitat on moss community composition in the 36 sites of the vegetation survey, a redundancy analysis (RDA) was applied on centered, non-transformed moss species data using the program Canoco 5 (ter Braak and Šmilauer 2012).
Photosynthetic properties of Sphagnum and feather mosses were measured monthly during the summer of 2011 from mosses collected at three undrained, three drained and three rewetted sites in southern Finland. Dominant moss species in each site (3-4 species, except for the first sample date 4-6) were collected from where they were the most abundant. Sphagnum girgensohnii and Pleurozium schreberi (Brid.) Mitt., which were common to all sites, were always collected regardless of dominance. In the drained and rewetted sites, note was taken whether the moss sample was collected from near the ditch or away from the ditch.
Photosynthetic CO2 exchange and chlorophyll fluorescence were measured in the laboratory using a portable gas exchange fluorescence system GFS-3000 (Heinz Walz GmbH, Effeltrich, Germany). Measurements on CO2 exchange provide information on the photosynthetic efficiency and light responses of the mosses, while chlorophyll fluorescence measures levels of plant stress due to water limitations, light intensity, and/or nutrient supply (Maxwell and Johnson 2000) . Five photosynthetic properties, estimated from the measured data, were in the focus: 1) the maximum rate of light-saturated gross photosynthesis (PMAX) showing the photosynthetic capacity, 2) dark respiration (R), 3) light compensation point of net photosynthesis (PPFDc,): a measure of photosynthetic light use efficiency at low light, 4) actual quantum yield of photosystem II in high light (ΦPSII) showing the efficiency of the photosynthetic machinery, and 5) maximum potential quantum yield of photosystem II (Fv/Fm): an indicator of plant physiological state.
To explore the main trends in the variation of moss photosynthetic traits, we used principal component analysis (PCA) on measured photosynthetic properties. To determine the effects of habitat and species on the photosynthetic properties, a partial RDA analysis in Canoco 5 (ter Braak and Šmilauer 2012) and linear and non-linear mixed-effect models in the package nlme of R (Pinheiro et al. 2012) were performed.
Sphagnum height and biomass increment (III)
Sphagnum height and biomass increment was measured using grow-through nets located in undrained, drained and rewetted spruce swamp forests: in 18 nets at each of the 36 sites, altogether 648 nets. Sphagnum was allowed to grow through the nets during the summer season (May-Sept, nine nets each site) or during one year (nine nets each site). Growth increment was quantified at two spatial levels. Firstly, growth increment in height (cm) and dry biomass (g m -2 ) was measured at the Sphagnum patch level and the effects of water table position and Sphagnum species on it were quantified using linear mixed-effect models in the lme4 ) and nlme (Pinheiro et al. 2012 ) packages of R. Secondly, ecosystem Sphagnum biomass production (g m -1 yr -1 ) was estimated based on the moss cover data (I). The sensitivity of the ecosystem Sphagnum biomass production to variation in water table position, species composition and ditch area was evaluated using the linear mixed-effect models (III).
Peat biogeochemistry (IV)
Surface peat (top 30 cm) biogeochemical properties were studied from samples collected at undrained, drained and rewetted spruce swamp forest sites in Southern Finland (site n=3+3+5, respectively) and in the Šumava Mountains, Czech Republic (site n=2+2+2, respectively). Four samples (Fig. 1b) were taken at each site (Fig. 1ac) , altogether 76 samples; each was composite of three 1-2 dm 3 sub-samples. The measured properties comprised 1) peat physicochemical properties: bulk density, peat C/N and pH, 2) microbial biomass: microbial C and C/N, 3) microbial decomposition activity: CO2 production under aerobic and anaerobic conditions, CH4 production under anaerobic conditions, and activities of decomposing enzymes betaglucosidase, oxidases, phenoloxidases and Mnperoxidase, and 4) microbial transformations of C and N: immobilization or mobilization of soluble organic carbon (SOC), total organic nitrogen (TON), ammonium (NH4-N) and nitrate (NO3-N) under aerobic and anaerobic conditions.
The responses of peat biogeochemistry as an assemblage of diverse biogeochemical properties were analyzed using multivariate methods (ter Braak and Šmilauer 2012) on centered and standardized peat variable data. The effects of management category and geographical area were separated and analyzed using partial RDAs. The effects of water table position and plant community composition on peat properties were quantified using a hierarchical variation partitioning analysis. After these overall analyses, the behavior of individual peat properties were studied using linear mixed-effects models in the lme4 package of R .
RESULTS
Water table position and tree stand structure (I)
Water table position was higher in the undrained and rewetted groups than in the drained group (Fig.2a) . The undrained and the rewetted group did not differ from each other in their water table position (Fig. 2a) . However, among the rewetted sites the variation in water table position was higher (Fig. 2a) . Mean water table position (±standard error of the mean) relative to the moss surface was −19 ±4 cm in the undrained sites, −42 ±5 cm in the drained sites, and −16 ±4 in the rewetted sites. These values are from the main dataset of 36 spruce swamp forests; the values in the substudies II and IV, which use a smaller number of sites, are slightly different, but the pattern is the same. Temporal variation of the measurements did not differ between the management categories, p=0.92. Ditch microhabitats had substantially higher water table positions than the main sites (Fig. 2a) . Total tree stand volume was higher at the drained sites than at the undrained and rewetted sites: 332 ±42 m 3 /ha, 243 ±29 m 3 /ha and 238 ±36 m 3 /ha, respectively, but only the difference between the drained and the rewetted sites was statistically significant. (Fig. 2b) , and neither were the differences in spruce volume (Fig.  2b ) statistically significant. However, the differences in total tree stand volume tended to result from differences in spruce rather than birch volumes (Fig. 2b) .
The v a l u e s a r e f r o m t h e d a t a s e t o f 3 6 s i t e s . B i r c h v o l u m e d i d n o t d i f f e r b e t w e e n t h e management categories
Plant community structure (I)
When compared to the undrained communities, the communities of the drained sites were characterized by an increased abundance of feather mosses (Pleurozium schreberi, Hylocomium splendens (Hedw.) Schimp.), spruce seedlings and saplings (Picea abies), and Sciurohypnum spp., Plagiothecium spp., and Lophocolea heterophylla (Schrad.) Dum.: small bryophytes growing on litter and wood (Fig. 3a) . The undrained communities were characterized by a high abundance of the Sphagnum mosses: Sphagnum girgensohnii/russowii, S. angustifolium (Warnst.) C.E.O. Jensen and S. magellanicum Brid., and the evergreen dwarf shrub Vaccinium vitis-idaea L. (Fig. 3a) . Regarding their plant community composition, the rewetted sites were situated half-way between the drained and the undrained sites along the drained-undrained ordination axis (Fig. 3b) . The rewetted communities differed significantly from both the undrained (p<0.001) and the drained communities (p<0.01) (Fig. 3b) .
Higher water table position significantly correlated with increasing similarity of the rewetted communities to the undrained reference communities (p=0.017, Fig. 3c ), similarity measured as position along the drained-undrained ordination axis. Time since rewetting did not show an effect on the position of the rewetted communities along the axis, and no significant interaction effect existed between time since rewetting and water table position (p=0.12). After a few years since rewetting, some rewetted communities of high water table position sites were already situated within the variation of the undrained communities (Fig.  3c) . Water table position at the successfully rewetted sites was, on average, higher than at the undrained sites: the water table position required for a pristine-like community composition, calculated from the linear model on the effect of water table position on RDA site scores was -13 cm (Figure 3c ), range based on parameter standard errors: -4 to -22 cm). This is higher than the undrained water level mean, −19 ±3 cm, and markedly higher than the water level at the driest undrained site, −28 cm.
In the hierarchical variation partitioning, undrained state, i.e. the division to undrained and other (drained or rewetted) sites was the most important variable explaining plant community composition. The division explained 12% of the variation in plant species composition, p=0.01. It was followed by the mean water table position (10%, p=0.005), birch volume (8%, p=0.005) and sampling region (7%, p=0.005). The rewetted state as such showed no significant impact on the plant community composition, nor did the cover of any microhabitat.
Species diversity 1 D was significantly lower in the communities of the undrained sites than in the drained and rewetted communities (Table 1 in I) . The components of diversity, species richness (S) and evenness ( 1 E), showed no significant differences, but pairwise comparisons suggest that evenness was higher in the rewetted and drained communities than in the undrained communities (Table 1in I) . Thus, the differences in diversity were mostly due to differences in species evenness, not richness. Only one of the species has been given a threatened status in the 2010 Red List of Finnish species (Syrjänen et al. 2010 
Moss community carbon assimilation potential (II)
When ditches were considered separate habitats in the analysis, the difference between the ditches and the main sites was the most important component of the variation in vegetation (Fig. 4b) . High cover of Sphagnum riparium Ångström and S. squarrosum Crome was typical of the ditch habitats (Fig. 4ab) . Sphagnum girgensohnii coupled with S. russowii was favoured by the undrained conditions where total moss cover was the highest, but it was common in all habitats (Fig. 4ab) . Pleurozium schreberi and Hylocomium splendens were more common in drained and rewetted than in undrained sites, while S. magellanicum and S. angustifolium were typical species for undrained sites (Fig. 4ab) . Moss species affected variation in photosynthetic properties more than habitat directly: the direct habitat impact (undrained, drained, ditch of drained site, rewetted, ditch of rewetted site) explained 7%, while the species identity explained 31% of the variation. Maximum photosynthetic capacity and maximum net productivity (the difference between maximum photosynthetic capacity and respiration) were higher in ditches and in rewetted sites than in undrained and drained sites. Light compensation point for net photosynthesis was higher in drained and rewetted sites than in undrained sites, but lowest of all in ditches of drained sites. The direct effects of the habitat amplified the more important effects that worked via species turnover.
The species differed along a productivity gradient, defined by their maximum photosynthetic capacity, which placed the moss species in the following order from high to low productivity: Sphagnum riparium, S. wulfianum, S. girgensohnii, S. angustifolium, S. russowii, Hylocomium splendens, Pleurozium schreberi, S. magellanicum, and a lightadaptation gradient, which separated shade-adapted feather mosses from Sphagnum mosses and Sphagnum girgensohnii from other Sphagna. The indicator of the physiological state, Fv/Fm, showed low levels of stress everywhere. Thus, drainage and rewetting affected moss carbon assimilation mainly through species turnover.
The species could be classified in three categories after Grime (1977) : ruderal, competitive and stress-tolerant, based on their PPFDc and PMAX. The stress-tolerant category was further divided into stress-tolerant, shade species, and stress-tolerant, light species (Table 1) . The successional changes in the moss community after drainage and rewetting can be summarized using these four categories instead of species (Fig. 6b) . 
Sphagnum height and biomass increment (III)
Rewetting led to a recovery of Sphagnum growth at the moss patch level: a higher water table increased Sphagnum growth (Fig. 5a) , and Sphagnum riparium, a species favoured by rewetting (Fig.4a) , grew more rapidly than the other species (Fig. 5a ). Height and biomass increment at the rewetted sites was similar to increment at the undrained sites, while remnant patches of Sphagnum at the drained sites showed lower growth rates (Fig. 5b) . Sphagnum in the ditches at the drained sites showed similar growth rates as the moss at the undrained and rewetted sites, while ditches at the rewetted sites had the highest height and biomass increment (Fig. 5b) . At the ecosystem level, rewetting had increased Sphagnum production to levels close to the undrained sites (Fig. 5c) . Sphagnum cover was the most important variable that determined Sphagnum production of the ecosystem (see Fig. 6 in III) . Among the rewetted sites, also high variability in water table position and Sphagnum riparium abundance caused large differences in production between sites (Fig. 6 in III) . The ditches of rewetted sites, despite the high biomass increment (Fig. 5b) , did not have much importance for the ecosystem-level production due to their small relative area. giru =Sphagnum girgensohnii/russowii, these species were treated as one species unit. b) Patch-level Sphagnum biomass increment in undrained (Un) drained (Dr) and rewetted (Re) spruce swamp forests, and in the ditch line of the drained (DrD) and rewetted (ReD) sites Different letters mark significant differences in the post-hoc test for multiple comparisons. Error bars ± SE. c) Ecosystem-level Sphagnum production by management category, based on Sphagnum cover data (I). Boxes show quartiles of annual biomass increment for undrained, drained and rewetted sites, including the ditches. Bars represent the most extreme data points that do not extend more than 1.5 times the nearest interquartile range from the box.
Peat biogeochemistry (IV)
Surface peat of the drained sites was more decomposed, i.e. had higher bulk density and l o w e r C / N t h a n t h e s u r f a c e p e a t o f t h e u n d r a i n e d s i t e s . M i c r o b i a l b i o m a s s a n d decomposition activity, measured as aerobic CO2 production and activities of decomposing enzymes, were lower in this decomposed peat than in pristine surface peat. Among peat properties, three types of responses to rewetting were observed: 1) peat C/N and microbial biomass showed no significant change from the drained state, 2) bulk density decreased and decomposition activity increased towards pristine levels, and 3) NH4-N mobilization and CH4 production increased to levels that were higher than in either the undrained or drained state.
DISCUSSION
Recovery of ecosystem structure and function
In this study, four key components of the ecosystem structure and function were examined to evaluate the recovery of the ecosystem services they produce, using undrained sites to represent the restoration target. But is it even feasible to restore an ecosystem to a pristinelike state? Ecological restoration practice is based on the principle that yes, by changing the main environmental drivers, it is (Dobson et al. 1997 , SERI 2004 . However, the view has been challenged by a notion that directional changes in abiotic conditions or persistent assemblages of alien species may render ecosystems incapable of recovering to the predisturbance conditions ). Furthermore, the simple view of ecological restoration is based on a Clementsian idea of succession as development towards a single end point (Clements 1916) , a view that has been challenged since his days (Hilderbrand et al. 2005) . The current view of natural ecosystems is that they are dynamic, shaped by disturbance legacies at several spatial and temporal scales (Wu and Loucks 1995, Mori 2011) , which makes it as impossible to go back to a certain ecosystem stage. In the development of spruce swamp forests after rewetting, two directions (represented by the ordination axes in Fig. 6 ) emerged throughout the different components of the ecosystem: development towards the undrained reference state and development towards a new direction, different from both the undrained and the drained state.
In those spruce swamp forests, where ditch blocking had raised the water table high enough (Fig. 3c) , Sphagnum mosses increased their cover rapidly, bringing the plant community structure within the variation of the undrained sites (I). The result is consistent with other restoration studies, which show that Sphagnum species recover fairly predictably and rapidly once suitable conditions for colonization are created (Lanta et al. 2006 , Hedberg et al. 2012 , González and Rochefort 2014 : successful rewetting pushes the ecosystem across a threshold to a new successional pathway (Suding and Hobbs 2008) , in this case one of secondary mire succession. Mire ecosystems could be considered more Clementsian than perhaps any other because of Sphagnum moss, the powerful ecosystem engineer. Sphagnum mosses are specialized in creating a habitat for themselves (van Breemen 1995) and by that, directing the ecosystem to their track rapidly (Tahvanainen 2011 , Loisel and Yu 2013 ). In the studied spruce swamp forests, the newly formed Sphagnum carpet increased Sphagnum biomass production and Figure 6 . Summary of the changes in ecosystem structure and function following rewetting. RDA results on a) plant community composition (I), b) moss trait composition, using the classification in Table 1 (II) , and c) peat biogeochemical properties (IV). Management categories (undrained, drained, rewetted) as explanatory variables, water table position (WT) and in (c) Sphagnum cover as supplementary variables. The first, horizontal axis shows the position of the rewetted sites between the drained and the undrained sites; it correlates with Sphagnum cover. The second, vertical axis shows the impact of rewetting as an intervention that shifts the ecosystem into a new state; it correlates with an increasing cover of opportunistic, productive understory plant species and high NH4-N mobilization in the surface peat.
height growth rapidly (III). The height growth was particularly rapid (III), typical of minerotrophic, shaded places (Clymo 1973) . The new growth started the build-up of the new acrotelm, which is considered essential for the recovery of the pristine-like hydrological, microbial and biogeochemical functioning (Lucchese et al. 2010) . The formation of the new Sphagnum layer was evident in the rapid decrease observed in the surface peat bulk density (IV). The new organic surface layer exhibited high microbial activity per unit weight, similarly to the surface layer of the undrained sites (IV).
However, rewetting does not simply re-establish the conditions that prevailed prior to drainage: it is an intervention that shifts the ecosystem into a new state. The rewetted site differs from an undrained spruce swamp forests in fundamental ways, even after successful Sphagnum establishment: surface peat compaction and physicochemical alteration during the drained phase (IV) affect the hydrology and biogeochemistry of the site. Even though the mean water table of the rewetted group was similar to the undrained mean, the rewetted group showed larger between-site variation. At several sites, the water table rise had not been sufficient to initiate Sphagnum colonization (I), but at the successfully rewetted sites, water table position was higher than at the undrained sites (I). It should be noted, however, that the water table at the time of measurements is a product of the interaction between the initial water table rise, tree mortality after rewetting, and ground-layer vegetation, not a measure of the initial rewetting. The low hydraulic conductivity between the old peat and the new organic matter can cause unstable moisture conditions in the surface peat layer of a rewetted site (McCarter and Price 2014). The wet, unstable hydrological conditions increase the cover of opportunistic plant species, most importantly Sphagnum riparium (II), and are likely to be the reason behind the increased NH4 mobilization and CH4 production observed in the peat of the rewetted sites (IV) and in field measurements (Koskinen et al. 2011 , Koskinen et al. 2012 . Rewetting by ditch blocking also creates a new habitat, the blocked ditch, with a high cover of rapidly growing Sphagnum riparium (II, III) and high CH4 production (Koskinen et al. 2012) . However, because the ditches constitute only a small proportion of the area, the increased biomass production and CH4 production do not have great importance for the ecosystem balances (III, Koskinen et al. 2012 ).
Impact of spuce swamp forest rewetting on benefits gained through ecosystem services
The results of this thesis contribute to our understanding of the benefits gained through spruce swamp forest rewetting. The structure of and the processes within the rewetted spruce swamp forest ecosystem produce, or counteract, the ecosystem functions that deliver the benefits (Fig. 7) .
Aesthetic benefits
The rapid recovery of Sphagnum cover and height growth rapidly restores the characteristic ground layer appearance, an important constituent of the perceived naturalness of a spruce swamp forest and the resulting aesthetic benefits (Fig. 7) . Meanwhile, the rewetted sites show features that result from the drainage and rewetting disturbances, such as the blocked ditches with opportunistic moss species, which contradict the perception of a natural spruce swamp forest. 
Biodiversity benefits
In undrained Vaccinium myrtillus spruce mires (Laine J. et al. 2012) , Sphagnum mosses dominate the understory to the extent that there is not much space available for other species (I) -logs and tree base crevices that provide habitats for specialized species are rapidly overgrown by Sphagnum. In the drained sites, on the other hand, dry conditions reduce habitat quality, resulting in lower moss coverage (I). Rewetting creates a window of opportunity for subordinate species in the spruce swamp forest ecosystem, increasing sitelevel biodiversity, although perhaps only temporarily (I).
The specialized dead-wood dependent species in boreal spruce swamp forests are largely from organism groups such as epiphytic lichens, mosses and hepatics, polypores and coleopterans (Kuusinen 1996 , Ohlson et al. 1997 , Laaksonen et al. 2008 , Syrjänen et al. 2010 . Of these, mosses and hepatics were included in this study, although the sampling strategy was not designed to target the species of conservation value specifically. Threatened species or species of conservation value were not detected even at the undrained sites, with one exception: a threatened hepatic at an old-growth undrained site. This was probably due to a lack of source populations in the surroundings. In Finland, the southwestern part of the country has been under intensive human land use for a longer time than the northeastern part. Also, the east maintains contact to large, relatively pristine forest areas in Russia. Due to these differences in landscape history, the colonization of new habitat patches by saproxylic invertebrate (Kouki et al. 2012 ) and polypore species (Hottola and Siitonen 2008) shows a clear distinction between the species-impoverished southwest, where also these spruce swamp forests are located, and the species-rich eastern part. Thus, the landscape context limits the biodiversity benefits that can be attained by restoration (Kouki et al. 2012) (Fig. 7) .
Functional benefits: climate change mitigation and water purification
Rewetting of boreal spruce swamp forests successfully initiates the accumulation of Sphagnum b io mas s (III), the first step in the peat accumulation process and carbon sequestration function (Fig. 7) . Sphagnum biomass increment in the spruce swamp forests was similar to the increment in ombrotrophic bogs (Laine et al. 2011 ); a similar conclusion has been drawn previously by Pakarinen and Rinne (1979) . However, because Sphagnum species of nutrient-rich habitats decompose more rapidly than Sphagna of nutrient-poor habitats (Johnson and Damman 1991 , Beleya 1996 , Limpens and Berendse 2003 carbon accumulation in Sphagnum biomass is likely to be less than in poorer systems. Sphagnum growth has larger carbon effect than its biomass though: the height growth (III) buries spruce logs, which contributes to the formation of wood peat that is characteristic of spruce swamp forests (Pakarinen 1984) .
High water table maintains anaerobic conditions in peat, which may halt further CO2 emissions from the decomposition of old peat, a significant carbon source at nutrient-rich drained peatlands (Ojanen et al. 2013) . Initially though, the accumulation of fresh organic matter can accelerate decomposition through priming (Limpens et al. 2008) : the increasing microbial decomposition activity in the surface peat of the rewetted sites (IV) could relate to this. Increased CH4 emissions (IV), measured also in the field (Koskinen et al. 2012) may counteract the positive climate impacts at least at some sites. At the undrained spruce swamp forests sites, surface peat showed no significant CH4 production (IV). At the rewetted sites, waterlogged conditions and a time lag in methanotroph colonization (Juottonen et al. 2012) are the probable causes of the high production (IV) and emissions (Koskinen et al. 2012 ). More research is needed on the decomposition of organic matter at forested nutrient-rich peatlands under undrained, drained and rewetted conditions to estimate the carbon benefits from rewetting of spruce swamp forests (Fig. 7) .
The accumulation of Sphagnum biomass (III) forms a similar porous low bulk-density surface layer (IV) that is responsible for the water filtration capacity of undrained spruce swamp forests (Fig. 7) . However, peat biogeochemistry does not reach pristine-like functioning rapidly, so pristine-like water filtration function is not to be expected during the first decade following rewetting. Rewetting is likely to cause release of nitrogen to pore water and slight leaching of nitrogen to the surface waters or groundwater (IV). As this nitrogen is in the form of ammonia, its mobility is lower than that of nitrates, and therefore it is likely to be partly or completely consumed by plants and microbes during the growing season. More detrimental leaching of phosphorus has been observed in field studies (Koskinen et al. 2011) .
Implications for restoration practice
The results of this thesis show that the water table rise has to be sufficient to initiate any changes in the drained spruce swamp forest ecosystem -but if it is, the changes that occur will be rapid. This information is helpful for the practical restoration work: if rapid Sphagnum colonization does not occur during the first years, the ditches should be blocked better or trees felled to raise the water table more. When the sites rewetted only one year prior to the survey are left out, 31% of the sites had water table positions too low for successful restoration. A similar proportion, 38% of the sites, was already within the variation of the undrained sites regarding their plant community composition. The result shows that a one-off rewetting intervention, if it raises the water table successfully, is enough to restore the composition of the understory plant community regarding the common species. In many contemporary species-impoverished landscapes, southwestern Finland included, the more demanding species might be impossible to obtain without translocations in any case. The aesthetic and functional benefits anticipated from restoration build on the change in the abundances of common species: on the colonization of Sphagnum mosses.
